Abstract Objective: Hyperglycemia worsens clinical outcomes in critically ill patients. Precise glycemia control using intravenous insulin improves outcomes. To determine if we could improve glycemia control over a previous paper-based, manual protocol, authors implemented, in a surgical intensive care unit (SICU), an intravenous insulin protocol integrated into a care provider order entry (CPOE) system.
Introduction
Hyperglycemia is a common phenomenon in critically ill patients. 1, 2 Hyperglycemia adversely affects clinical outcomes in adult inpatients, even those without diabetes mellitus. 3, 4 In adults undergoing surgery, hyperglycemia increases the risk of surgical site infection. 5, 6 Glycemia control using continuous insulin infusions reduces risk of infection, length of stay, and mortality in patients undergoing cardiac surgery. 7, 8 A landmark randomized controlled trial demonstrated that surgical intensive care unit (SICU) patients receiving mechanical ventilation who achieved precise glycemia control (goal 80 -110 mg/dl) on an intravenous insulin therapy protocol experienced reduced rates of inhospital mortality, bloodstream infection, polyneuropathy, and renal failure. 9 These and other clinical studies 10 -12 led to consensus recommendations advocating precise glycemia control in SICU patients. 13, 14 Standardized protocols in intensive care units (ICUs) reduce variation, increase adherence to evidence-based practices, and improve clinical outcomes. 15, 16 Intravenous insulin protocols for strict glycemia control are complex, requiring frequent bedside glucose monitoring and repeated intricate calculations to titrate insulin doses. [17] [18] [19] Standardized, nurse-managed paper-based intravenous insulin protocols do not always produce optimal results. 20 Paper-based glycemia control protocols may not match results achievable with computer-based protocols. [21] [22] [23] [24] Previous studies have implemented computer-based glycemia control protocols as stand-alone applications. [22] [23] [24] The current study evaluated integration of a glycemia control protocol into a care provider order entry (CPOE) system that was already used regularly by clinicians to manage their patients. 25 Prior studies showed that CPOE systems can modify providers' behaviors 26 and improve compliance with established quality measures. 27 We performed a retrospective before-after study of glycemia control in SICU patients comparing use of a CPOE-based protocol for insulin infusion to prior use of a manual paper-based protocol. We analyzed whether the computerbased protocol improved glycemia control in the SICU population as a whole (all patients ecologic analysis), and if, at the patient level, the computer-based protocol improved glycemia control for patients who received intravenous insulin therapy continuously for at least 24 hours.
Background and Methods

Setting
Vanderbilt University Hospital is an academic tertiary care facility with a 21-bed adult SICU that admits 1,300 patients annually. Patient SICU stays average 3.5 days and the nurse to patient ratio is 1:1.5. In August 2003, the SICU adopted a policy to use a paper-based, manually implemented intravenous insulin therapy protocol to optimize blood glucose control (Appendix, Fig. 1 ). Nurses were directed to maintain patients' glucose levels between 80 -110 mg/dl. Nurses initiated the protocol for patients with blood glucose levels Ͼ110 mg/dl who required mechanical ventilation, vasoactive support, or treatment for an active infectious process. Concerns regarding ongoing difficulties with glycemia control, coupled with protocol-related increases in SICU nurse workloads, prompted unit leaders to contact Vanderbilt's Department of Biomedical Informatics. The authors modified the previous paper-based intravenous insulin therapy protocol for implementation as a computer-based component within Vanderbilt's existing CPOE system. [25] [26] [27] 
Intervention
On December 7, 2004 , SICU practice changed so that if a patient's blood glucose exceeded 110 mg/dl, a SICU physician would initiate the CPOE-based SICU insulin protocol, which the patient's nurse would carry out. The physician initiation screen (Fig. 1) requires entry of the current (initial) blood glucose value, and target high and low glucose limits (default 80 -110 mg/dl); it includes optional instructions for nurses to notify physicians about out-of-range values. At initiation, a highlighted prompt reminds physicians to provide a dextrose source (intravenous or enteral feedings) to prevent hypoglycemia. After verifying protocol parameters, the physician clicks "calculate drip rate" (see Fig. 1 ). The CPOE system generates corresponding orders for physician verification, and instructs the nurse to perform subsequent bedside blood glucose testing every 1-2 hours and use the CPOE protocol to maintain glycemia control. Nurses enter protocol-mandated glucose readings into the system's "titration page" (Fig. 2) , and adjust insulin drip rates based on recommendations provided. The system logs all entered glucose values, recommended insulin infusion rates, and any nurse-initiated deviations, which become part of the patient's electronic medical record.
The CPOE glycemia control algorithm appears in Appendix Figure 2 . It incorporates Vanderbilt's modifications to an earlier protocol developed by White et al. and Davidson and Bode 28, 29 and uses the formula: insulin dose (units/hour) ϭ (blood glucose in mg/dl Ϫ 60) ϫ multiplier. Initially 0.03, the multiplier can never fall below zero. Blood glucoses exceeding the high target threshold on two consecutive readings, or exceeding 200 mg/dl on one reading, trigger a multiplier increase of 0.01. Blood glucoses below the low target threshold decrease the multiplier 0.01, and glucoses below 60 mg/dl decrease the multiplier by 0.02. Glucose readings below target thresholds generate an order for intravenous 50% dextrose dose in 5 ml increments (based on degree of hypoglycemia) to prevent or correct hypoglycemia; simultaneously, intravenous insulin infusion is withheld for one hour.
Study Design
Institutional constraints determined study period intervals. The Surestep Pro bedside glucometer was introduced into the SICU in early September 2004. To allow SICU staff two weeks to adjust to new point-of-care testing procedures, the preintervention study (manual protocol) start date was set at The study included consecutive patients Ն18 years of age admitted to the SICU during the pre-and post-intervention periods, regardless of whether they received insulin in the SICU. Subjects' length of stay and primary and secondary discharge diagnoses were extracted from the institution's administrative database. We categorized primary discharge diagnoses using our SICU's four most common ICD-9 clasJournal of the American Medical Informatics Association Volume 14 Number 3 May / June 2007 sification categories, circulatory disorders (390 -459), neoplastic disorders (140 -239), digestive disorders (520 -579), injuries (800 -999), and "other." We classified subjects with a primary or secondary discharge diagnosis code of 250.X as having diabetes mellitus.
We extracted patients' age, gender, and selected laboratory test results (including glucoses) from the institution's electronic medical record system. Since the great majority of patients in our study had an SICU length of stay of five days or less, we limited analyses to the first five days of SICU F i g u r e 1. Screenshots of computer intravenous insulin therapy protocol. admission to avoid over sampling glucose readings from patients with very prolonged lengths of stay.
For a patient-level analysis, we selected those SICU study patients with continuously active intravenous insulin infusion orders for Ͼ24 hours (at some point during their SICU stay), who also had at least four blood glucose measurements during each 24 hour period of insulin infusion. Only the first SICU admission per patient qualified for the study. During the post-intervention period, eligible patients whose physicians initiated the pre-intervention manual insulin protocol (instead of the computer-based protocol) were treated as if they had been on the computer-based protocol, per an intention-to-treat approach. To supplement and verify electronic data capture, a trained research nurse reviewed patients' hospital charts using a standardized data collection form. The study was reviewed and approved by the Vanderbilt University Institutional Review Board.
Statistical Analysis
We compared normally distributed continuous variables between groups using Student's t-tests, non-normally distributed continuous variables using Wilcoxon rank-sum tests, categorical variables with chi-square or Fisher's Exact tests (as appropriate), and Kaplan-Meier estimates using log-rank tests. Since glucose readings for a given subject are frequent and may be correlated over time, we utilized permutation tests (20,000 permutations/test) for hypothesis testing of differences in mean glucose and proportion of glucose values in the ideal range between 70 -109 mg/dl. 30 We calculated two patient-level summary measures to estimate glucose control over time in the subset of patients on an insulin drip at least 24 hours: minutes of time within ideal range (70 -109 mg/dl) by SICU day, and estimated average glucose by SICU day. These two variables were estimated by linearly interpolating the unobserved glucose values from adjacent observed values. All observed values occurring after a 24-hour gap in observed times were excluded. The median time between non-excluded values was 120 minutes, interquartile range [82, 170] . Only patient-days with adequate numbers of glucose samples were analyzed. Time in ideal range and estimated average glucose for the pre-and post-intervention groups were compared by t-tests, using the estimated variance pooled over all patient-days. For estimated average glucose and for estimated minutes in the ideal range, a test of the overall average difference between the pre-and post-intervention periods was performed using a mixed model with intervention as the fixed effect and patient as a random effect. All p-values obtained were 2-sided, and p-values Ͻ0.05 for tests of the average overall effect on days 1-5 were considered significant. Statistical analyses were performed with Stata version 8 (Stata Corporation, College Station, Texas) and R version 2.1.0 (R Foundation for Statistical Computing, Vienna, Austria, www.rproject.org).
Results
Ecologic Analysis of All SICU Patients, Regardless of Insulin Treatment
Clinical characteristics and admission laboratory values were similar for the pre-intervention (manual protocol, n ϭ 147) and post-intervention (computer protocol, n ϭ 204) groups (Table 1 ). The overall median and interquartile range (IQR) of blood glucose readings per subject-day in the post- Fig. 2) for each group. The overall proportion of readings below 70 mg/dl for SICU days 1-5 was similar in the pre-(64/2,178 readings, 2.9%) and postintervention (105/4,065 readings, 2.6%) periods. Episodes of severe hypoglycemia (Յ40 mg/dl) were extremely rare at just 0.2% of all readings for both periods (pre, 4/2,178; post, 9/4,065 readings). Compared to the pre-intervention group, more blood glucose readings in the post-intervention group fell into the ideal range of 70 -109 mg/dl, with a lower proportion of readings Ͼ149 mg/dl for each SICU day. To determine if overall control improved significantly, we compared overall and by SICU day, the percentage of readings in the ideal range of 70 -109 mg/dl in the pre-and post-intervention periods. As seen in Figure 2 , we observed proportionally more ideal readings in the post-intervention group for all five SICU days with the overall percentage of readings 70 -109 mg/dl for all five measurement days of 29.3% in the pre period and 37.7% in the post period (a statistically significant difference of 8.4%, p-value 0.006, permutation analysis). For SICU days 2 and 3 we observed differences of roughly 10%-12% (p ϭ 0.046 and 0.043, respectively, permutation test).
We hypothesized that improved glucose levels during the post-intervention period might follow from shorter delays between SICU admission and insulin infusion initiation. We compared times of patients' first SICU glucose measurements to times of initiation intravenous insulin between preand post-intervention groups, using Kaplan-Meier analysis (Fig. 3) . Approximately 60% of study patients in both the pre-and post-intervention study periods had an intravenous insulin drip order initiated on or before SICU day 5. However, time to drip initiation was significantly shorter (p Ͻ 0.001, log-rank test) in the post-period than in the preintervention period. Virtually all of the post-intervention intravenous insulin drips began within the first 12 hours of SICU admission; pre-intervention initiation often occurred on the second or third day.
Cross-sectional Analysis of SICU Patients Receiving Insulin Infusions for >24 hours
We directly compared glycemia control for SICU patients receiving intravenous insulin continuously for Ն24 hours, for pre-intervention (n ϭ 37) and computer-based postintervention (n ϭ 69) protocols. Table 2 indicates these groups were similar in age, admission body mass index, reason for SICU admission, and proportion of patients with a primary or secondary discharge diagnosis of diabetes mellitus. The post-intervention group included more male patients than the pre-intervention group (67% vs. 38%, p ϭ F i g u r e 3. Time from first glucose measurement to initiation of intravenous insulin therapy order.
0.004).
To compare temporal patterns of glucose control, we estimated the number of minutes that each patient spent in the ideal range of 70 -109 mg/dl as well as average glucose overall, and during each SICU day (Table 3) . For the overall five-day analysis of patients receiving an insulin drip for at least 24 hours, a mixed effects model of estimated average glucose by pre-/post-intervention period with patient as a random effect yielded a statistically non-significant overall average improvement of 4.56 mg/dl (p ϭ 0.27). The mixed model of estimated minutes in ideal range yielded an overall average improvement of 116 minutes, which was statistically significant at p ϭ 0.029. The computer-based protocol (post-intervention) group spent more minutes per day in the ideal blood glucose range for SICU days 1 through 5, with a difference 204 minutes on day 2 (p ϭ 0.017, t-test using pooled variance, Table 3 ). The post-intervention group also had a lower estimated average glucose for SICU day 2, a difference of 12.6 mg/dl (p ϭ 0.045, t-test using pooled variance, Table 3 ).
Discussion
To be successful, computer-based interventions, such as intravenous insulin therapy protocol for critically ill patients, must be fully integrated into clinicians' workflows. The present study accomplished this objective using a novel approach, integration of the protocol into an existing CPOE system already used to provide routine care. Compared to the paper-based intravenous insulin administration protocol, the CPOE-based protocol improved SICU patient blood glucose values overall. Hypoglycemia was rare in both groups, and severe hypoglycemia did not increase postintervention. Time from first SICU glucose measurement (a proxy for SICU admission) to initiation of intravenous insulin therapy was significantly shorter in the post-intervention (computer-based protocol) period. For patients receiving intravenous insulin for Ն24 hours, the mixed model of estimated minutes in ideal range yielded an overall average improvement of 116 minutes (p ϭ 0.029) for all five days as a whole for post-intervention subjects. Post-intervention subjects spent significantly greater time in the ideal range on day 2, 40.7% vs. 26.5% (p ϭ 0.017, t-test). This patient-level analysis indicates that the computer-based protocol performed at least as well as the manual protocol, and better by at least one overall metric. It is unclear if the statistically significant improvement was driven by more rapid initiation of IV insulin therapy, or possibly better performance by the computer algorithm in terms of glycemia control. The lack of significant difference in glycemia control for days 3-5 could have been due to similar performance of the manual and computer-based protocol, once all patients were initiated on IV insulin, or due to loss of statistical power from the diminishing sample size for those days.
Implementation of the new computer-based insulin protocol might have adversely affected SICU patients' blood glucose control, if nurses and physicians not yet comfortable with the technology selected higher glucose targets to diminish perceived risks of hypoglycemia. However, in this study, the computer-based intravenous insulin protocol improved overall glycemic control compared with results from the manual, paper-based protocol. Anecdotally, the SICU nurses involved in the current study stated that the CPOE-based IV insulin protocol was easier to implement and carry out than was the manual protocol, because the CPOE application combined record-keeping, insulin dose calculations, IV D50 dose calculations, and order generation into a single bedside-computer-based activity. There was also an advantage in terms of tracking compliance and in greatly simplifying training of new nursing staff with the CPOE-based insulin protocol.
Use of standardized insulin infusion protocols does not ensure optimal blood glucose control in clinical practice.
McAlister et al. conducted a retrospective cohort study of post-operative glucose control for 291 diabetic patients undergoing coronary artery bypass grafting, whereby 92% of patients received intravenous insulin therapy via a standardized protocol on post-operative day one. 20 Seventy percent of patients also received endocrine specialty consultation during the post-operative period. The study observed mean first post-operative day glucose values of 205 mg/dl, decreasing slightly to 194 mg/dl on day 2. The authors concluded, "Because most patients were seen by endocrinologists and managed with standardized insulin infusion protocols, we believe there is an urgent need for develop- Others have successfully implemented inpatient, computerdirected intravenous insulin therapy algorithms, even outside of intensive care units. 24 Rood et al. compared a computer-based intravenous insulin therapy protocol in an intensive care unit and compared it to a paper intravenous insulin therapy protocol. 23 The computer-based protocol significantly improved adherence to recommended frequency of glucose measurements, but, unlike the present study, did not improve glucose control compared to the manual protocol. Plank et al. demonstrated that a computerbased protocol utilizing the model predictive control algorithm did improve glucose control in patients after cardiac surgery compared to routine glucose management protocols. 31 In its approach, the present study offers unique advantages to glycemia control in critically ill patients. First, easy integration of the protocol into clinical workflows, using an existing CPOE system, placed the knowledge for clinical decision-making at the point of care. 32, 33 The current implementation provided "one stop shopping" by capturing blood glucose readings and other patient data from clinicians at the bedside, generating reading-based new orders, transmitting them once approved by the clinician, and logging the data into the electronic medical record. This CPOE-based model averted need for "double documentation" within the CPOE system and the medical record. Finally, the computer-based protocol implementation can support more than one insulin dosing algorithm, in a manner that might support future randomized comparisons of alternative insulin dosing strategies. Other CPOE systems (from commercial vendors or "home-grown") should be able to implement similar protocols (based on the descriptions provided in the Figures and Appendix) for intravenous insulin infusions to control glycemia in critically ill patients.
Several important characteristics limit this study. First, due to its before-and-after design, authors cannot conclude that the computer-based intravenous insulin protocol was the causative reason for observed improvements in blood glucose control. Concurrent changes in clinical practice patterns may have caused the observed effects. Second, data collection periods were limited in duration due to institutional constraints. Longer data collection would provide more precise and potentially more significant outcome effects. Third, the retrospective study restricted observations to available blood glucose measurements obtained during clinical care (although both protocols to some extent drove data collection). Finally, the study cannot address clinical outcomes such as hospital mortality, surgical infection rates, and functional health status.
There remain many unanswered questions related to optimizing blood glucose control for critically ill patients. A recent randomized clinical trial failed to show a clear benefit in mortality with precise, protocol-based glucose control in a medical ICU population. 34 Also, there is significant variation in the methodologies used to quantify glucose control in hospitalized patients, including three-day perioperative glucose average, 8 mean morning glucose, 9 glucose area under the curve, 19 and hyperglycemic index. 35 Additionally, there have been few, if any, randomized clinical trials directly comparing different intravenous insulin therapy protocol algorithms. More research is needed to determine the optimal glucose summary measures and protocol algorithms to provide the best clinical outcomes.
It is possible that in the post-intervention period, the increased frequencies of glucose measurement might have artificially improved outcome measures related to glucose control. There are several reasons why such an effect is unlikely. First, the majority of blood glucose measurements occurred in subjects who were admitted to the SICU for three days or less (Fig. 2) . The increased frequency of sampling was most likely a result of earlier initiation of the intravenous insulin therapy protocol in the post-intervention period. Second, for clinical management reasons, patients whose glucose values are out of range tend to have more frequent blood glucose monitoring. Increased frequency of measurements under such conditions would decrease the proportion of sample readings taken while the patients' blood glucoses fell into an ideal target range. Third, the study measured both average glucose values and time in ideal range to address this concern. The time in ideal range was not determined by counting individual glucose measurements, but by drawing lines connecting individual patients' glucose measurements and determining the duration that the lines fell within ideal target boundaries. Finally, the increase in average frequency of measurement in the post-intervention period did not translate into a sizable difference in the distributions of time between glucose measurements. An examination of those distributions' deciles for days 1-5 showed the difference in time between glucose measurements for pre-intervention vs. post-intervention subjects was less than 2.0 hrs for the 90th percentile on days 1-3, less than 1.1 hrs for the 80th percentile on days 1-2, and less than 30 minutes everywhere else. Thus, the authors believe that the potential effect of the frequency of glucose measurement on estimated average glucose and time in ideal range was negligible.
Conclusion
In summary, implementation of a computer-based intravenous insulin therapy protocol integrated within an existing CPOE system improved blood glucose control in a SICU population as a whole and in the subgroup of patients who received IV insulin for at least 24 hours. The intervention reduced time to initiation of intravenous insulin therapy when compared to a manual protocol. This study demonstrates the utility of integrating a computer insulin therapy decision tool into a CPOE system to improve initiation and maintenance of tight glucose control.
